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esponsibility of ChinAbstract The magnetic properties, band structure, density of states (DOS) and optical properties of
ferromagnetic Fe2TiO5 were calculated by a plane wave pseudopotential method based on the local spin
density approximation (LSDA) and the LSDA plus Hubbard U (LSDA+U) theory and compared with the
known experimental and theoretical results. By choosing the opportune Hubbard U parameter 4 eV,
LSDA+U gives magnetic moments of 3.80 mB/Fe (3d orbital), which contribute the main magnetic
moments to Fe2TiO5. The inclusion of U changes the band gap of Fe2TiO5 and gives a value in better
agreement with previous experiment. We ﬁnd that strong correlations dramatically change the density of
states and band structures. A detailed analysis shows that the LSDA+U method provides the better
description of electronic structures like this system. Series optical properties were explored also. There is
no ab-initio study related to Fe2TiO5 at present. These ﬁndings provide good theoretical understanding for
Fe2TiO5.
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ese Materials Research Society.1. Introduction
TiO2 is a commonly used photocatalyst to control aqueous organic
contaminates or air pollutants [1,2]. To further improve the
photocatalytic performance, the suitable Fe3+ ion concentration for
Fe doped TiO2 showed improved photocatalytic activity than pure
TiO2 because Fe
3+ can form localized bands near the bottom of
conduction band and thereby decreasing band gap [3,4]. However,
when Fe3+ dopant concentration is greater than the optimal value,
Fe+3 enters the TiO2 lattice substitutionally, forming such as
Fe2TiO5 phase through TiO2 and Fe
3+ solid solution reaction at
higher temperatures, such as the air plasmas spray method [5–7].
The photo-catalysis efﬁciency of TiO2 can be improved byg by Elsevier B.V. All rights reserved.
Fig. 1 Crystal structures of pseudobrookite Fe2TiO5. Dull gray, red
and purple spheres represent Ti, O and Fe atoms, respectively.
L. Jin, C. Zhou414effectively reducing the electron–hole recombination if FeTiO3 is
formed. However, their work showed simultaneously that inactive
Fe2TiO5 reduces photocatalytic activity to a large extent. So
Fe2TiO5 plays a very important role on the photocatalytic activity
for Fe doped TiO2. They think that the reasons of the reduced
photocatalytic activity are from the increased charge trapping site
and the recombined charge carriers through quantum tunneling of
Fe2TiO5. The special Fe2TiO5 compound has been studied by other
scientists, for example, Iwauchi [8] stated that this compound has
short-range antiferromagnetic order, which is partly broken by Ti
layers, and the compound has a spin glass transition at 53 K. Guo
et al. [9] have systematically investigated the crystal structure by
means of x-ray diffraction, Mössbauer spectroscopy and neutron
diffraction. The results conﬁrm that the Fe2TiO5 pseudobrookite has
an orthorhombic structure with D172h (Cmcm) space group. The
agreement between the Mössbauer and neutron site occupancies
indicates that the Fe3+ site preferences are 8f site. During the last
few decades, the synthesis, magnetic and photocatalytic properties
of Fe2TiO5, have been under intensive investigation experimentally
[10–16]. So, most of the interests are limited to the synthesis and
structural analysis, but ab-initio study for this system has not been
carried out so far.
Theoretical computations have difﬁculties in predicting the
correct band gap energy and other related electronic properties
for systems with d or f shells from the ﬁrst principle. The severe
self-interaction error of the conventional density function theory,
LDA or generalized gradient approximation (GGA), often fail to
describe the electronic localization effects and cannot yield correct
ground state properties [17]. Anisimov et al. [18] generalized the
LSDA method by proposing the LSDA+U approach to strongly
correlated systems. In this approach effective on-site interactions
are introduced to the existing Hamitonian to better account for the
orbital dependence of the Coulomb and exchange interactions of
the strongly correlated (i.e., d- and f-) electrons.
The absence of any information in the literature about the ab-
initio electronic structure of Fe2TiO5 has led us to study it.
Therefore, the aim of this paper is to study the effect of electron
corrections on the ground state electronic structure properties
and magnetic properties of Fe2TiO5 using the LSDA and the
LSDA++U method. We hope that this calculation will be able to
give correct ground state structure for Fe2TiO5 and will provide
starting point for future calculation.2. Model and method of calculation
Pseudobrookite Fe2TiO5 (ICSD File no. 36183) has an orthorhombic
structure with the space group Cmcm, where two different, octahedral
cationic sites, Ti and Fe, are present. The less distorted Ti site
(Wyckoff notation 4c) has three couples of metal–oxygen distances in
the 1.91 to 2.15 Å range [19]. The Fe site (Wyckoff 8f) is more
strongly distorted and has a mean metal–oxygen distance of about
2.01 Å [9]. The Fe octahedron has a larger polyhedral volume than Ti
(10.17 Å3 versus 9.98 Å3) in such a distortion pattern. The strongly
distorted octahedra share edges to form trioctahedral units, which are
linked into inﬁnite double chains along c. Further sharing of
octahedral edges results in a three-dimensional framework. The unit
cell contains four formula units for Fe2TiO5. Fig. 1 illustrates the
crystal structures of Fe2TiO5.
The LSDA and LSDA++U methods have been discussed
in great detail in Refs. [20,21] and will not be discussed again.
Here we give only the relevant computational details. The totalplane-wave pseudopotential method forms basis of the CASTEP
code; this code incorporates norm-conserving pseudopotential. The
incorporation of an effective on-site Coulomb interaction, character-
ized by the Hubbard U considerably improves the theoretical
prediction for energy band structures [22]. We adopt local spin
density approximation Hubbard U (LSDA+U) approach with the
CA-PZ [23] in this work. The valence electronic conﬁgurations for O,
Ti and Fe atoms are 2s22p4, 3s23p63d24s2 and 3d64s2, respectively.
The plane-wave basis cut-off energy was set at 1000 eV for all of the
calculations. The Monkhorst–Pack scheme k-points grid sampling
was set at 7 7 3 for the Brillouin zone [24]. All convergence
parameters were set as follows: total energy tolerance 1.0 10-5
eV/atom, maximum force tolerance 0.03 eV/nm and maximum stress
component 0.05 GPa. We carefully tested the convergence parameters
mentioned above and found them to be fully sufﬁcient for all
presented characteristics of Fe2TiO5. The properties of the compound
maybe sensitive to the particular magnetic state. So only ferromag-
netic conﬁgurations rather than antiferromagnetic ones are performed
in all of the calculations. The complex dielectric function εðωÞ ¼
ε1ðωÞ þ iε2ðωÞ is known to describe the linear optical response of the
medium at all photon energies, e.g., the refractive index n, the
extinction coefﬁcient k, and the absorption coefﬁcient α. These optical
properties are calculated based on the independent particle approx-
imation, i.e., the excitonic effects and the local-ﬁeld corrections are
neglected.
The imaginary part of the dielectric function can be calculated
using the momentum matrix elements that describe the electronic
transition between the valence and conduction bands in the crystal.
The formula is given by
ε2ðωÞ ¼
1
4πε0
2πe
mω
 2
∑
K;CB;VB
j〈ψCBk jepjψVBk 〉j2δðECBk −EVBk −ℏωÞ
ð1Þ
where VB and CB label valence-band and conduction-band states
of the energies EVBk and E
CB
k for each k point, respectively.
The real part ε1(ω) can be evaluated from ε2(ω) using the
Kramer–Kronig relations [25]:
ε1ðωÞ ¼ 1þ
2
π
 Z ∞
0
dω′
ω′2ε2ðω′Þ
ω′2−ω2
2
ð2Þ
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such as absorption coefﬁcient can be obtained.3. Results and discussion
3.1. U dependence of structure
The LSDA+U calculations used an effective parameter Ueff¼U−J,
where U is the Hubbard parameter and J is the exchange parameter,
which are used to solve the Kohn–Sham equation. In the case of
different U, we predicted a total magnetic moment about 10 mB/cellTable 1 The distances between neighboring metal atoms in Fe2TiO
Oxygen octahedra including metal atoms Atoms
Edge-sharing Fe–Fe
Fe–Ti
Corner-sharing Fe–Fe
Fe–Ti
Table 2 The effect of the Coulomb potential on the crystal volumes
U (eV) 0 1 2 3
Volume (Å3) 302.31 345.40 349.14 350.26
Magnetic moment/Fe 3.64 3.57 3.70 3.76
Gap (eV) 0 0.37 1.07 1.43
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Fig. 2 Energy band structures of Fe2TiO5 along the high symmeand the magnetic moment of Fe-3d is about 7.6 mB/cell. So, all of the
s, p, d and f orbital magnetic moment contributions for Ti and O are
just 24%. The effect of s, p, d and f states of Ti and O ion was not
found to affect the electric structural and magnetic characteristics
signiﬁcantly and therefore, ignored. Different materials have different
optimization U values. For example, for Fe2O3, LDA+4.3 and PBE
+4.3, with on-site corrections for Fe 3d electrons, give eigenvalue gaps
near experimental values [26] and other scientists think that 4 is more
reasonable [27]. We determine the appropriate U values of Fe elements
through a large number of calculations since the value of U is not
obtained for Fe2TiO5 from the previous report. So we set J¼0.0 eV
without changing and U changing from 0 to 8 eV interval 1 eV for5 crystal.
Distances [27] Distances [27] This study
3.01 3.17 3.16
3.15 3.13 2.95
3.91 3.77 3.57
3.83 3.70 3.55
, magnetic moments and energy gaps.
4 5 6 7 8
351.57 335.18 339.05 343.70 348.70
3.80 2.85 2.97 3.07 3.19
1.81 1.15 1.42 1.68 1.91
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try directions with (a and b) LSDA and (c and d) LSDA+U.
L. Jin, C. Zhou416Fe-3d. The atomic positions are really relaxed in terms of Hellmann–
Feynman forces. Fully relaxed LSDA calculation (initial spin¼3
and U¼0 eV) of Fe2TiO5 initial cell gives the optimized lattice
parameters a¼3.616, c¼9.142, b¼9.133, b/a¼2.526, c/a¼2.528
and V¼301.97 Å3. The measured lattice parameters are a¼3.732,
b¼9.979, c¼9.793, b/a¼2.674, c/a¼2.624 and V¼364.69 Å3 [9].
The LSDA value of the equilibrium volume deviates from the
experimental value. This is a typical deviation from LSDA calculations.
The atomic distances of Fe–Fe and Fe–Ti, in two edge-sharing [MO6]
octahedra and in two corner-sharing [MO6] octahedra are presented in
Table 1. As shown in Table 1, the calculated ones are in good
accordance with the corresponding interatomic distances from previous
experimental result. In order to examine the effect of the Coulomb-6
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Fig. 3 Total and partial density of states of majority spin and minority spi
line denotes the Fermi level EF. The DOS for the majority spin is shownpotential on the crystal volumes, changes as a function of the effective
Coulomb interaction U are shown in Table 2. It is seen clearly that the
volume increases from U¼0 to 4 eV, and then the volume decrease
from 4 to 5 eV but increase again from U¼5 to 8 eV.
3.2. U dependence of magnetic moment
According to the previous investigations and knowledge, Ti and O
atoms are magnetized due to super-exchange interactions with the
surrounding ions. However, this phenomenon is not discussed in
detail here because the contributions of Ti and O atoms are less, as
proved in Section 3.1. The magnetic calculations point to inter-
esting trends and differences between different ions. The spin forrgy (eV)
no gap  up 
 down
5 10 15
5 15
5 15
5 10 15
5 10 15
5 10 15
5 10 15
5 10 15
 s up
 s down
 p up
 p down
 d up
 d down
rgy (eV)
 up 
 down
 s up
 s down
 p up
 p down
 d up
 d down
n for Fe2TiO5. (a) LSDA and (b) LSDA+U (4 eV). The dashed vertical
on the upside and DOS for the minority spin, on the downside.
030
60
90
120
150
εxx U=4 eV
εzz U=4 eV
R
e 
e 
(ω
)
Energy (eV)
xx U=0 eV
zz U=0 eV
0 3 6 9
0 3 6 9
0
10
20
30
40
50
εxx U=4 eV
εzz U=4 eV
Energy (eV)
Im
 ε
 (ω
)
εxx U=0 eV
εzz U=0 eV
Fig. 4 Calculated energy dependence of optical properties of
Fe2TiO5 crystal, (a) imaginary part and (b) real part of the dielectric
coefﬁcient.
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Fe is identical. The calculated spin magnetic moment of Fe is
3.80 mB/Fe from Fe2TiO5, but the value from previous paper is not
obtained as comparing. U dependence of magnetic moment is also
shown in Table 2. As shown in Table 2, the laws of magnetic
variation are the same as the volume. That is, Fe magnetic moment
increases from U¼0 to 4 eV, but the magnetic moment decreases
suddenly from U¼4 to 5 eV. This abnormal phenomenon is not
very clear and the investigation is in progress at present.
3.3. U dependence of band structures
The relation between the band gap and U is also listed in Table 2.
According to Ginley study [11], the bulk band gap of Fe2TiO5 is
around 2.18 eV. The gap is 1.81 eV when U¼4 is adopted.
Although the gap is more near to experimental data when
U¼8 eV, U¼8 eV is too large because the cell is severely
deformed and the system energy is higher than that of U¼4 eV.
So the crystal is not the most stable when U¼8 eV. Our result is
not far from the previous experimental ﬁndings for Fe2TiO5
compound when U¼4. Therefore, U¼4 is acceptable and
sufﬁcient to reproduce the correct ground-state properties, such
as experimental energy gap, other properties are investigated just
when U¼4 eV.
Fig. 2 shows the band structures of Fe2TiO5 along the higher
symmetry direction in the Brillouin zone for comparison. When
U¼0 is adopted, no band gap appears (Fig. 2a and b). However, it
is clear that band gap of Fe2TiO5 exists and exhibits half-
conductor character from Fig. 2c and Fig. 2d when U=4 eV is
adopted. The valence band maximum and conduction band
minimum does not locate at the same Brillouin zone point,
indicating that Fe2TiO5 is an indirect semiconductors. The inclu-
sion of U changes the positions of valence and conduction band.
Then the U dependence of band gaps are reported in Table 2. As
shown in Table 2, the band gaps variation laws are the same as the
volume and magnetic. That is, band gaps increase from U¼0 to
4 eV, but the band gaps decrease suddenly from U¼4 to 5 eV.
This phenomenon (volume, magnetic moment, and gap variation)
has a close relationship with the U value.
3.4. U dependence of densities of states
Correspondent spin-polarized total and partial densities of states
(DOS) of Fe2TiO5 are shown for comparison using the LSDA and
LSDA+U method (Fig. 3), where up-spin and down-spin are
plotted, respectively. Cation Fe sites in supercell are symmetrically
the same and Ti ones are in the same situation. Therefore,
representative cation PDOS are plotted. PDOS in the occupied
region near EF (−2–0 eV) has a large contribution from Fe-3d
down spin states using the LSDA method (Fig. 3a). But the Fe-3d
up spin states mainly contribute in energy range from −6 to −8 eV
when U is considered here. Furthermore, the difference is that
LSDA predicts a metallic character while the application of
Coulomb repulsive potential makes Fe2TiO5 insulators by pushing
Fe-3d states far away Fermi energy level to higher and lower
energies. Therefore, band gap in the LSDA+U calculation is much
larger than that in the LSDA calculation.
The opening of the gap between O-2p and Fe-3d bands is a
signature of a charge transfer insulator. The shift in occupied spin
Fe-d bands changes the band gap from Fe-d band splitting (crystal
ﬁeld effect) to a charge transfer type O-2p and Fe-d gap with somecontribution of Fe d–d like excitations. Thus LSDA+U predict it
to be a mixture of charge-transfer and Fe d2d excitations like
insulator in contrast to the LSDA.
We can also see that Fe–O and Ti–O bonds show covalence
from DOS ﬁgure. These results could be obtained by Mulliken's
population analysis [27]. The Mulliken overlap population is an
objective and quantitative criterion for assessing the covalent or
ionic nature of bonds. A negative value indicates anti-bonding
state, a zero value implies a perfect ionic bond, while the value
greater than zero indicates the increasing levels of covalence. From
the present calculations, Fe–O bonds have two kinds of popula-
tions: 0.27 and 0.28; two kinds of Ti–O bonds populations are
0.40 and 0.19 using LSDA method. Fe–O bonds populations are
0.30 and 0.24; Ti–O ones are 0.23 and 0.41 using LSDA+U. We
can point out that the inclusion of U qualitatively changes the
electronic characterizes. However, the careful dicusssions will be
investigated further in the future. Unfortunately, no experimental
data or theorical study are available for comparison.
3.5. Optical properties
The orthorhombic structure of the Fe2TiO5 crystal implies
existence of two components of the dielectric tensor corresponding
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Fig. 6 Calculated absorption spectra for anatase TiO2 and Fe2TiO5
varying with the wavelength.
L. Jin, C. Zhou418to an applied electric ﬁeld direction (light polarization); one
parallel εzz(ω) and other εxx(ω), perpendicular to the optical axis.
The imaginary part of ε(ω) was calculated and shown in Fig. 4.
The frequency dependence of optical properties e.g. refractive
index n(ω) and reﬂectivity R(ω) are shown in Fig. 5a and b,
respectively. The energy dependence of refractive index and
reﬂectivity shows slightly different values in xx and zz directions
indicating the existence of anisotropy in them. From Figs. 4 and 5,
it is known that LSDA and LSDA+U give large difference for
optical properties.
Comparison of the absorption property of anatase TiO2 and
Fe2TiO5 is necessary. So their absorbing properties are calculated
under the same conditions in the present study (Fig. 6). From the
shape and position of the absorption peaks, their relative intensities
exhibit differences in different wavelength region. The absorption
spectra intensity of TiO2 is higher than that of Fe2TiO5 from
100 nm to 315 nm region. But the absorption spectra intensity of
Fe2TiO5 is higher than that of TiO2 from 315 nm to 650 nm
(visible light region) in the same wavelength. This means that
Fe2TiO5 has stronger ability to respond to the wavelength of
visible light region than that of TiO2. Generally, more absorption
of visible light can contribute to stronger photocatalytic perfor-
mance. Therefore, Fe2TiO5 can absorb more visible light and it can0
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Fig. 5 Calculated energy dependence of optical properties of
Fe2TiO5 crystal, refractive index, n(ω) and reﬂectivity, R(ω).be used as photocatalyst to degrade organic or other hazardous
substances.
Dondi et al. [19] synthesized Fe2TiO5 by the conventional
ceramic route and think that the optical features are in agreement
with crystal structural characteristics in the framework of the
crystal ﬁeld theory. But it is difﬁcult to build the relation between
their experimental absorbance and our data. We note that there is
no ab-initio study related to optical properties, and our investiga-
tion can provide useful guidance.4. Conclusions
The electric structure, magnetic properties, band structure, density
of states and optical properties for Fe2TiO5 have been studied
based on LSDA and LSDA+U calculations. Fe2TiO5 is found to
possess a magnetic moment of about 10 mB/cell and the 3d orbital
of Fe is found to be the main contributor to the magnetic moment
of this structure. In contrast to LSDA that places the localized d-
related levels in the middle of the gap, the LSDA+U is shown to
shift them downwards and upwards on the valence and conduction
bands, respectively. This leaves the original band gap completely
clear. Our LSDA+U calculation shows that O atom contributes to
the total DOS in the −5 to −1 eV range while Fe atom dominates
in the 1.5–3.5 eV range in the conduction band. The calculated
band gap of Fe2TiO5 is about 1.81 eV and near to the experimental
value when U¼4 eV is adopted.
The effect of the Coulomb potential on the crystal volumes,
magnetic moment and energy gaps is discussed. The covalent
bonds between Fe–O and Ti–O are analyzed using Mulliken's
population. Optical properties (imaginary part, real part of the
dielectric coefﬁcient, refractive index and reﬂectivity) for Fe2TiO5
were discussed. For there is no experimental and theoretical
reports, our investigations can be used as a reference.Acknowledgments
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